Abstract. This paper describes the methodology developed for the numerical reconstruction and modelling of the thorium-lead (Th-Pb) assembly available at the Department of Nuclear Energy, Faculty of Energy and Fuels, AGH University, Krakow, Poland. This numerical study is the fi rst step towards integral irradiation experiments in the Th-Pb environment. The continuous-energy Monte Carlo burnup (MCB) code available on supercomputer Prometheus of ACK Cyfronet AGH was applied for numerical modelling. The assembly consists of a hexagonal array of ThO 2 fuel rods and metallic Pb rods. The design allows for different arrangements of the rods for various types of irradiations and experimental measurements. The intensity of the fresh neutron source intended for integral experiments is about 10 8 n/s, which corresponds to the mass of about 43 g 252 Cf. The source was modelled in the form of Cf 2 O 3 -Pd cermet wire embedded in two stainless steel capsules.
Introduction
Current light-water nuclear reactors operate on the enriched uranium fuel. The main fi ssile isotope in such fuel is 235 U; however, in a series of transmutations and decays, fi ssile isotopes of plutonium (i.e. 239 Pu and 241 Pu) are formed. In general, about 70% of fi ssions during a reactor cycle in commercial nuclear reactors occur on 235 U, whereas about 30% of fi ssions occur on 239 Pu and 241 Pu. For this reason, the process of uranium fi ssioning and plutonium breeding, as well as further in situ fi ssioning in the reactor core, is called the uranium-plutonium (U-Pu) fuel cycle. An alternative to this is the thorium--uranium (Th-U) fuel cycle. Thorium ( 232 Th) itself cannot undergo nuclear fi ssion but serves as a fertile isotope for the production of fi ssile 233 U. Therefore, it is mixed with fi ssile isotopes such as 233 U, 235 U or 239 Pu in order to provide surplus neutrons for the breeding of 233 U. The natural abundance of thorium is about three times larger than that of uranium. In addition, spent nuclear fuel from thorium contains less minor actinides and plutonium. Furthermore, it is contaminated with easily detectable 232 U, which is a big advantage for non-proliferation [1, 2] . However, the only country that conducts advanced research on the thorium fuel cycle is India, due to the large resources of thorium and limited resources of uranium [3] . Thus, the knowledge about the behaviour of thorium-based fuels under irradiation is still limited. In this paper, we present the results of numerical simulations of the Th-Pb fuel assembly with Cf neutron source. The numerical analysis precedes the campaign of irradiation experiments planned with the available nuclear set-up. The following scientifi c topics were taken into account during the simulations: -adjustment of confi guration for thermal and fast irradiations, -estimation of the irradiation environment i.e. neutron spectra in both confi gurations, and -modelling of thorium fuel sample irradiation in both confi gurations.
Next section "Th-Pb fuel assembly" describes the available nuclear set-up and its numerical model developed using the Monte Carlo burnup (MCB) code. Section "Results" shows the results of numerical simulations. The study is concluded in the last section "Discussion and conclusions".
Th-Pb fuel assembly
The Th-Pb fuel assembly located in the radiometric laboratory of the AGH University consists of three main components: the support structure, the lead refl ector and the core. Cylindrical top plate, top bars and grid determine the rectangular shape of the assembly core. The side bars connect the top and the bottom support plates to provide stability. The structural elements were fabricated at the AGH University using standard construction steel. The Pb refl ector surrounds the assembly core. The refl ector was manufactured using rectangular Pb bricks (10 × 10 × 5 cm) specially designed for the radiation shielding purposes. The core consists of Pb and ThO 2 rods arranged in a hexagonal pattern. The height of the core equals 100 cm, while the rod pitch is 1.3 cm high [4] . The hexagonal shape of the Pb rods allows for their compact package, while the cylindrical shape of the ThO 2 rods enables easy replacement of Pb rods without dismantling the whole assembly. These features of the assembly allow for easy rearrangement of the core pattern in many types of irradiation experiments and for the insertion of additional elements, such as polyethylene rods for neutron thermalizations. The ThO 2 fuel rods were manufactured in the Bhabha Atomic Research Centre (BARC) [5] of India, while the metallic Pb rods were made at the AGH University. Both types of rods were equipped with pins on both ends for their precise placement in the bottom plate and Al fi xing bars. In the current initial pattern presented in Fig. 1 , seven innermost ThO 2 rods were removed from the assembly. Six of them were replaced by Pb rods for the intensifi cation of the neutron fl ux due to (n,2n) reactions on lead. The free space remaining after reloading of the most central rod serves as an insertion hole for Cf neutron source. The continuous-energy MCB code developed at the AGH University, Faculty of Energy and Fuels, Department of Nuclear Energy, was used for all numerical simulations [6] . The MCB code integrates the commercial Monte Carlo transport code -general Monte Carlo N-particle transport (MCNP) code [7] -and the novel transmutation trajectory analysis (TTA) code [8] at the level of the FORTRAN source code. The MCNP subroutines use Monte Carlo methods for neutron transport simulations, while the TTA forms and analyses transmutation and decay chains for nuclide density evolution in time function. In the present calculations, the ENDF/B-VII nuclear data libraries for the temperature of 300 K were applied. Figure 2 shows the cross-sections of the assembly core with its surroundings. Some simplifi cations were introduced to the numerical geometry of the Th rods. The rods were divided into three sections representing the top of the rod, ThO 2 pellets and the bottom of the rod. The ThO 2 in the inner section was not divided into particular fuel pellets, but it was modelled as a one cylinder with the height of 100 cm. The introduced simplifi cations do not distort the numerical results but signifi cantly reduce the complexity of the model. The outer Pb neutron refl ector was modelled as a compact cell surrounding the assembly core. The materials used for the numerical reconstruction of the assembly are presented in Table 1 .
Results
The numerical simulations were performed for 10 6 neutrons per six time steps of fi ve days each, which gives 30 days of irradiation in total. The precision (relative error) for all calculations is <0.1 and in most cases, <0.05, which corresponds to generally reliable results [7] . The supercomputer Prometheus of the ACK Cyfronet AGH was used for all simulations [11] . The intensity of the fresh Cf source equals 10 8 n/s, which corresponds to the mass of about 43 g 252 Cf. The source was modelled in the form of Cf 2 O 3 -Pd cermet wire embedded in two stainless steel capsules and placed in the middle of the assembly [12] . The neutron spectrum of the source was adjusted using inherent features of the MCB code [5] . However, irradiations with other neutron sources, such as D-T, could also be investigated [13] . In the analysis, we considered two different confi gurations of the Th-Pb assembly: fast spectrum confi guration with a thorium core and shielding lead rods and thermal confi guration with additional layers of polyethylene for spectrum thermalization.
In the fi rst step of the calculations, we adjusted the optimal confi guration of the assembly for irradiations in the fast neutron spectrum. We took into consideration the absolute value of the neutron fl ux as well as the neutron spectrum in 100 energy groups as the crucial parameters determining the irradiation environment. Figure 3 shows neutron spectra for fast confi guration of the assembly for eight radial positions (R1-R8) corresponding to eight irradiation zones. R1 is the innermost position, while R8 is the outermost position. The spectra were calculated in the free space between the rods fi lled with only air and intended for placement of the material sample. The volume of the space equals 0.35 cm 3 . The space is located vertically just in the middle of the Th fuel column, at the same level as Cf neutron sources. As it is shown, the spectra are characterized only by the fast energy component. The thermal component is negligible, as presented in Table 2 . The maximum value of the fast fl ux occurs just at the neutron source in the zone R1, which is consistent with theoretical prediction. Figure 4 shows a drop of the neutron fl ux towards the outer zones of the assembly. The most signifi cant drop occurs between the zones R1 and R2 -the fl ux falls about three times. Considering the aforementioned justifi cation, for the subsequent analysis, we chose the zone R1 as the best place for fast irradiations.
In order to adjust the optimal thermal irradiation position, thermalization zones made of hexagonal polyethylene rods (C 2 H 4 ) with a density of 0.92 g/cm 3 were introduced to the assembly. We chose polyethylene because of its good moderation capabilities resulting from the large content of hy- drogen. Moreover, polyethylene rods could be easily and economically manufactured and placed in the assembly. In the analysis, we replaced consequent four inner zones of thorium rods by polyethylene rods and calculated the neutron spectrum and the absolute neutron fl ux values in the following thorium zone adjacent to the polyethylene zone. The neutron spectra presented in Fig. 5 show fast and thermal energy peaks. It is visible that one zone of C 2 H 4 is not enough to provide large shift from fast fl ux to thermal fl ux. Thus, we introduced additional zones and compared thermal  th , resonance  r (1 eV  1 keV), fast  f (1 kV) and total  t fl uxes in Table 2 . We present two absolute values of thermal fl uxes, which depend on the energy groups. The  th1 shows thermal fl ux with energies 1 eV, while  th2 shows thermal fl ux with energies 1 keV. The energy group structure of the neutron fl ux depends on the intended use, e.g. for deterministic calculation tools, the two-group fl ux structure (thermal and fast) is usually applied. The thermal fl ux  thi achieves the peak value in the zone R4 with three layers of C 2 H 4 rods around the Cf neutron source, while the thermal fl ux  th2 achieves the peak value in the zone R3 with two layers of C 2 H 4 rods. Therefore, the choice of the irradiation position for thermal irradiations depends on the exact description of the experiment and the isotopic composition of the material intended for irradiation. Finally, we showed microscopic reaction rates and microscopic effective cross-sections of neutron capture and fi ssion for the ThO 2 sample placed in the chosen irradiation positions for fast confi guration and thermal confi guration, respectively. Figure 6 shows neutron spectra in the samples for both irradiations. As it is shown in Table 3 , thermal confi guration is much better for an experiment on thorium due to its larger capture cross-section in the thermal energy range. The estimated reaction rates may serve t o estimate the production rate of 233 Pa U [14] . The neutron interactions with thorium in the fast spectrum are negligible due to its very low capture cross-section; therefore, this position may rather serve for irradiations of isotopes reacting with fast neutrons, such as natural uranium containing 238 U. This may later serve for the estimation of 239 Np and fi ssile 239 Pu [15] .
Discussion and conclusions
In this paper, we present numerical simulations leading to the estimation of the irradiation conditions in the Th-Pb fuel assembly. The numerical model developed allows for advanced numerical simulations and calculations of a wider range of neutronic parameters towards the research on the thorium fuel cycle using the Th-Pb assembly. In the analysis, we performed a series of numerical simulations towards the estimation of optimal positions for thermal and fast irradiations. The calculated neutron spectra and fl uxes show, in a straightforward manner, the optimal irradiation positions for both types of irradiations. However, the presented results should be treated rather as a preliminary assessment of the irradiation environment. Detailed calculations should be performed for the fi xed specifi cation of the irradiation experiment, which is the next step of the study. In the course of our work, we found that there is a possibility of further improvement through: a) optimization of the irradiation geometry with regard to the sample-source positioning, e.g. introduction of axial thermalization zones, b) applying a stronger neutron source, which in practice is related to stronger radiation protection and security requirements, c) increasing the spatial range of observations for reactions on Th by applying more thorium samples in various positions in the assembly. 
